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The replacement in an active molecule of an atom or a group of atoms by another one 
presenting a comparable electronic and steric arrangement is based on the concept of tsostertsm 
The term isosterism was introduced in 1919 by the physicist Unpnuir' who was mainly 
interested in the physicochemical relationships of isosteric molecules. When, in addition to their 
phvsicochemical analogy, compounds share some common biological properties, the term 
bioisosterism, introduced by Friedman in 1951,' is used, even if the physicochemical 
resemblance is only vague. 



I. 



HISTORY: DEVELOPMENT Of THE ISOSTERISM CONCEPT 



The development of the concept of isosterism has its roots in the attempts to extend to entire 
molecules the knowledge acquired for elements, namely that two elements possessing an 
identical peripheral electronic distribution also possess similar chemical properties. 



A. The molecular number 

Allen, in 1918, defined the molecular number of a compound in a similar way to the atomic 
number: 



w 



here 



N = molecular number, 

A r „ My - = respective atomic numbers of each element of the molecule, 
a, b, . . . z= number of each eiement present in the molecule. 

Compare ammonium and sodium cations as an example. The atomic number of nitrogen is 
7 and that of hydrogen is 1. Thus the molecular number of the ammonium cation can be 
calculated and compared to that of the sodium ion: 

Atomic number Molecular number 

NHJ 7 + (4 XI) H 
Na + 11 11 

Possessing the same molecular number, the ammonium cation should resemble the ^dium 
cation. This is roughly true. More generally, two compounds with ident.cal molecular numbers 
present at least some similar physical properties (e.g. specific heat). 



Knnnliftd bv The British Librarv - "The world's knowledae" 



13 Molecular Variations Based on Isosteric Replacements 205 
B. The isosterism concept 

Independently from Allen, Langmuir in 19 19 T defined the concept of isosterism: 

Comolecules are thus isosteric if they contain the same number and arrangement of 
electrons. The comolecules of isosteres must, therefore, contain the same number of atoms. 
The essential differences between isosteres are confined to the charges on the nuclei of the 
constituent atoms. 

Langmuir cites a list of 21 kinds of isosteres such as 

0 2 ~, F-, Ne, Na + , Mg 2 +, AP+ or C10 4 ", SCV", P0 4 3 " 

The first example clearly demonstrates that isosterism does not inevitably imply 'isoelectric 
structures (having the same total electric charge), but it becomes evident that isoelectric 
isosteres show the closest analogies: 

C=0 and N = N C0 2 and N0 2 N = N=N" and N=C=0- 

In the field of organic chemistry, Langmuir predicted the analogy between diazomethane and 
ketene, which was only discovered later. 

^ c=s ti = § c f. ^ C =N-Q 

C. The notion of pseudoatoms and Grimm's hydride displacement law 

Later, in 1925, Grimm formulated the 'hydride displacement law', 3 ' 5 according to which the 
addition of hydrogen to an atom confers on the aggregate the properties of the atom of next 
highest atomic number. An isoelectric relationship exists among such aggregates, which were 
named pseudoatoms. Thus, when a proton is added' to the O 2 " ion in the nuclear sense, an 
isotope of fluorine is obtained (Fig. 13.1). 



Intranuclear proton © 
r 



PSEUDOATOMS 



oP--"" 

Proton fixed on surface 

Fig. 13.1 The noiion of pseudoatoms. 

When the same proton is introduced at the peripheral electronic level, a 'pseudo-F, in other 
words an OH", is created. In this context, the H + ion, having penetrated the electronic shell of 
the oxygen, is assumed to be masked bv the greater atom and to exert only negligible effect 
towards the outside. The fluoride anion F" and the hydroxy! anion OH" therefore show some 
analogies. The generalization of the pseudoatom concept represents the so-called 'hydride 
displacement law' proposed in a tabular form by Grimm. 3 - 4 . In each vertical column (Table 
13.1), the original atom is followed by its isosteric pseudoatoms. 
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Table 23.1 Hydride 


dispiacement law: in 


each vertical column 


the atom 


is followed by its 


pseudoatoir.s. 5-5 






Number of electrons 
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OH 3 + 








CH< 


NH 4 + 



D. Erlenmeyer's expansion of the isosterism concept 

Starting in 1932, Erlenmeyer published a series of detailed studies on the isosterism concept, 
and particularly about its first applications to biological problems. 6 Erlenmeyer proposed his 
own definition of isosteres as elements, molecules or ions in which the peripheral layers of 
electrons may be considered identical. 7 Erlenmeyer also proposed three expansions of the 
isosterism concept as follows: 

1. To the whole group of elements present in a given column of the periodic table. Thus, 
silicon becomes isosteric to carbon, sulphur to oxygen, and so on, 

2. To the pseudoatoms, with the aim of including groups that at a first glance seem totally 
different but which, in practice, possess rather similar properties. This is the cas* for the 
pseudohalogens, for example (CI s CN = SCN, etc.) 

3. To the ring equivalents: The equivalence between — CH— CH — and — S — explaining 
the well-known analogy between benzene and thiophene (Table 13.2). 



Tabic 13.2 The sulphur atom is 
provide an aromatic lone pair) 


approximately equivalent to an ethylenic group (size, 


mass, capacity to 




M (.CH=CH-) 


= 26 M {S ) = 32 




c 








Compound 


BP°C 


Isostere 


BP°C 


Benzene 
Methyl benzene 
Chlorobenzene 
Acetylbcnzene 


80° 
110° 
132° 
200° 


Thiophene 
2-Methylihiophene 
2-Chlorothiophene 
2-Acetylthiophene 


84° 
113° 
130° 
214° 



E. Isosterism criteria, present conceptions 

The main criterion for isosterism is that two isosteric molecules must present similar, if not 
identical, volumes and shapes. Ideally, isosteric compounds should be isomorphic and able to 
co-crystallize. Among the other physical properties that isosteric compounds usually share are 
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boiling point, density, viscosity and thermal conductivity. However, certain properties must be 
different: dipolar moments, polarity, polarization, size and shape (e.g. in comparing F" and 
OH", the size and the shape of H cannot be totally neglected). After all, the external orb.tals 
may be hybridized differendy. > ' 

Tn conclusion, it became evident to physicists that the concept of isostensm, developed before 
quantum-mechanical theories, could not provide at the molecular level the same results as those 
that the periodic classification had provided for the elements, namely a correlation between 
electronic structure and physical and chemical properties. In the field of medicinal cnemistry, 
the isosterism concept, taken in its broadest sense, has proved to be a research tool of the utmost 
importance. The main reason for this is that isosteres are often much more alike in their 
biological than in their physical and chemical properties. An illustrative example is found in the 
comparison of oxazolidine-diones and hydantoins, which possess different chemical reactivities 
but present a similar antiepileptic profile (Fig. 13.2). 



■pt, 
his 
of 

the R 2 



O NH HN NH 

T Y 

o o 



dly • I 11 

Fig . 1 3.2 5,5'-D«ub$tituKd oxazolidine-diones (1) and hydantoins (11) show similar amiepileptic profiles. 



F. The bioisosterism concept — Friedman's and Thornber's 
r to definitions 

. Recognizing the usefulness of the isosterism concept in the design of biologically active 
molecules, Friedman* proposed to call ^isosteres compounds Which nt the broadest definition 
of isosteres and have the same type of biological activity'. This definition received rapid 

• acceptance and is now commonly used. Moreover, Friedman considers that isosteres that exhibit 
opposite properties (antagonists) have also to be considered as bioisosteres, since usually they 

- ! interact with the same recognition site. This is the case for ^aminobenzo.c acid and p- 
'\ aminobenzene sulfonamide and also for glutamic acid and its phosphonic analogues. 

~~ The use of the term isosterism has largely been taken beyond its original meaning when 

employed in medicinal chemistry, and Thornber* proposes a loose and flexiole definition or the 
' term bioisostere: Bioisosteres are groups or molecules which have chemical and physical 
similarities producing broadly similar biological effects'. 

— • The term nonclassical isosterism is often used interchangeably with the term bioisosterism, 

for example, when one has to deal with isosteres that do not possess die same number of atoms 
but which have in common some key parameter of importance for the activity in a given series. 
• ! Thus, the two GABAergic agonists isoguvacine and TH1P (Fig. 13.3) possess similar 
pharmacological properties to GABA itself. The key parameters in these compounds are the 
acidic (p£« 4) and the basic (protonated nitrogen) functions with an intercharge distance ot 
= 5.1 A. 
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1 I I 

H H H 

GABA isoguvacine THIP 



Fig. 13.3 An example of bioisosterism, or nonclassical isosterism GABA, isoguvacine and THIP are all agonists at the 
GABA A receptor. The 3-hydroxyisoxazole ring has a comparable acidity to that of a carboxylic acid function. 9 



II. CURRENTLY ENCOUNTERED ISOSTERIC AND BIOtSOSTERIC 
MODIFICATIONS 

As the distinction between isosteres and bioisosteres is of rather academic interest, it is preferred, 
in this chapter, to treat both categories together. Consequently, divalent series such as 0=, j 
HN = , and H 2 C= can be discussed together with S= for example. However, the correct 
nomenclature will be used as much as possible, keeping in mind, nevertheless, that 'isosteric 
replacement' embraces both true isosteres and bioisosteres. 

i 

i 

A. Replacement of univalent atoms and groups 

Halogens (particularly chlorine) can be replaced by other electron-attracting functions such as 
trifluoromethyl or cyano groups. In the antibiotic chloramphenicol, both the chlorine atoms of 
the dichloroacetic moiety and of the />-nitrophenyl group yielded productive isosteric 
replacements (Table 13.3). Many other examples of univalent atom or group replacements are 
found in the chapters dealing with substituent effects (Chapter 17) and with quantitative 
structure-activity relationships (Chapter 19). 



Table 133 Isosteric replacements in the amphenicol family. 





HCL " /-° H 










Compound 


X 


Y 


Chloramphenicol 
Thiamphenicol 
Cetophenicol 
Azsdamphenicol 


-NOj 
CH 3 -S0 2 - 
CH,-CO- 

-NOj 


-CH-Clj 
-CH-C1 2 
-CH-Clj 
-CH-N, 
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B. Interchange of divalent atoms and groups 

A first series of frequently interchanged divalent atoms or groups is represented by O, S, NH 
and CH 2 , and many interesting examples are found in the literature. In a study on mependme 
analogues (Table 13.4) potent analgesic compounds were found for X = O, NH, and LH, 
Surprisingly, the sulfur analogue showed only moderate activity As an in mvo test was used to 
assess the activity, the weaker eflFect may be attributable to a faster metabolism (sulfoxide or 
sulfone formation?). 

Table 13.4 Meperidine analogues. 10 



— » 
:ic 




X 


Analgesic potency 
(meperidine = 1) 
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12 


NH 


80 




20 


S 


1.5 



as 
of 
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Similar changes can be applied to cyclic series, for example to a series . such as 
piperidine-morpholine-thiomotpholine-piperazine, or in introducing oxygen or su.fur atoms 
into cyclic ketoprofen analogues. 11 



Table 13.5 Physostigmines (left) and carbaisosreres (right)- 12 

Me. 




Compound 


R, 


R 2 


IC,, (nM) 


LD 50 (mg/kg) 


(-)-Physostigmine 
(-)-Heptyl physostigmine 
(±)-Carba-isostere i 
(-)-Carba-isostere 2a 
(+)-Carba-isostere 2b 


CH 3 
n-C 7 H 13 

^-C 7 H l3 


CHj 
CHj 

CH, 

QH 5 

C 2 H 5 


128 
110 
114 
36 
211 


0.88 
24 
21 
6 
18 
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With the objective of designing a more stable analogue of the acetylcholinesterase inhibitor 
alkaloid physostigmine, Chen et at" prepared some 8-carba isosteres of physostigmine (Table 
13.5). The authors envisaged that replacing the iV-methyl group at N8 of the physostigmine 
nucleus by a methylene group would increase its chemical and metabolic stability, thanks to the 
change of the less stable aminal group to a more stable amino group. 

The carba isosteres are as potent or more potent than the corresponding physostigmines. In 
addition, the (-)-enantiomers, which possess the same absolute configuration at C3a and C8a 
as that of physostigmine are generally 6 to 12 times more potent in inhibiting 
acetylcholinesterase than the corresponding (+)-enantiomers. 

C. Interchange of trivalent atoms and groups 

The substitution of -CH= by -N = in aromatic rings has been one of the most 
successful applications of classical isosterism (see following section on ring equivalents). 
Aminopyrine and its isostere are about equally active as antipyretics 13 (Fig. 13.4). Similar 
interchanges are found in proceeding from desipramine to nortriptyline and protriptyline (Fig. 
13.4) or among the antihistaminics, when comparing ethylenediarnine derived compounds to 
the diarylpropylamines (Fig. 13.4). 





4-dimethylamino-antipyrine 4-isopropyl-antipyrlne 




tripelennamine 



chlorpheniramine 



Fig. 13.4 interchange of trivalent atoms and groups. 
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D. Ring equivalents 

The substitution of — CH = by -N= or -CH = CH- by -S — in aromatic rings has 
been one of the most successful applications of classical isosterism. Early examples are found in 
the sulfonamide antibacterial with the development of sulfapyridine, sulfepyrimidine, 
sulfathiazole, etc. (Fig. 13.5). 



H 2 N 




N-R 



-O -0 -o 

sulfapyridine sulfathlazole sulfapyrazine 




phenbenzamine tripelennamine 
Fig. 13.5 Classical ring equivalents. 

Other examples are found in the neuroleptic or antidepressant tricyclics, in the 
benzodiazepine tranquillizers and antiepileptics, and in the development of semisynthetic 
penicillins and cephalosporins with broader spectra of activity and greater stability towards 
(3-lactamases. 

In all these cases no essential activity difference is found between the original drug and its 
isostere. However, it can happen that the procedure fails. Binder et aL u for example, reported 
that thieno(23-^]isoxazole-3-methanesulfonamide, the thiophene analogue of the 
anticonvulsant drug zonisamide (Fig. 13.6), l$ was practically inactive against pentetrazole- or 
electric shock-induced convulsions in mice, even at high doses. 




zonisamlde thiophene isostere 

Fig. 13.6 The thiophene isostere of zonisamide is practically inactive as an anticonvulsant. 

The concept of ring equivalents has been generalized to any possible heterocyclic system and 
represents a huge number of possible variations. Table 13.6 lists some less well-known studies 
on ring equivalents in aromatic series. 
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Table 13.6 Ring equivalents. 



Original ring 


Bioisostere 


Activity 


Reference 


1 -Phenyl pyrazolone 


1-PhenyltriazoIone 


Analgesic 


Gold-Aubert etal. 16 


1 ,2,4-Tr iazole 


1 ,3-Thiazole imidazole 


Antiviral 


Alonzo etaL 17 


indole 


Indazole 


5-HT3 
antagonists 


riudzinski ctaL™ 


3,4-Dialkoxyphenyl 


Indole 


Phosphodiesterase 
inhibitors 


Blask6 etaO 9 


3 A -Dialkoxyphenyl 


Indole 


GABA uptake 
inhibitors 


Kardos rtaL™ 


Quinoiine-2~carboxylate 


Indole-2-carboxylate 


Glycine 
antagonists 


Salituro etal. 2 ' 1 


6>-Nitrophenyl 


Furoxane 


Calcium 
antagonist 


Calvino etaL 22 


j/>/>r>-Hydamoin 


jr^iro-Hydroxyacetic 
acid unit 


Aldose 

reductase 

inhibitor 


Lipinski etal 23 



Another particularly impressive example of ring bioisosterism is found in the development of 
the antiulcer H 2 -receptor histamine antagonists in which the initial imidazole ring was changed 
to various other 'equivalents such as a furan, a thiazole and finally a phenyl ring (Fig. 13.7). A 
detailed and very interesting account of the discovery and che development of these compounds 
is found in Ganellin and Roberts' book. 24 

One of the major problems when dealing with isosteric or bioisosteric replacements in 
heterocyclic systems is the selection of the a priori most promising candidate among several 
dozens of possible rings* A simple clue can be the knowledge and the comparison of the 
boiling points of the basic heterocycles. Thus, in the search for an ideal surrogate of the 
pyridazine ring, the comparison of the boiling points of seven possible ring candidates (Fig. 
13.8), led us to reject the isomeric pyrimidine ring and to select the 1,2,4-triazine and the 
1,3,4-thiadiazole rings. 23 Effectively, the observed biological activities were at least partially in 
accordance with the boiling point selection criteria (Table 13.7). On the reserpine ptosis and 
the 5-HT potentiation tests, the closest activities result from the replacement of the 
pyridazine ring (BP=208°C) by the 1,3,4,-thiadiazole (BP=204-205°C) or the 1,2,4-triazine 
(BP=200°Q ring. The pyrazine- and the pyrimidine-derived analogues are clearly less active 
on these two tests. The attenuation of the turning behaviour, after unilateral intrastriatal 
injection of the compounds in 6-hydroxydopamine-lesioned mice, reflects the dopaminergic 
properties of the molecules. Apparently these properties are insensitive to the bioisosteric 
variations. 

A possible interpretation of these results could be the fact that in the heterocyclic series the 
boiling point is correlated to the dipolar moment of the molecule and that, for two heterocyclic 
rings having the same aromatic geometry, the similarity of the dipolar moments may represent 
the dominant feature. 
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Tabic 13-7 Cyclic equivalents of the pyridazine ring." 



Central Reserpine ptosis 5-HT Turning 

heterocycle (ED 50 ) potentiation (minimal 

(ED 50 ) effective dose) 



^ //— 6 3.7 0.5 

N — N 



4-5 6 0.1 

N— N 



-i 



N— N 



>10 




N 

v N 



24 30 0.1 




>100 >50 



Better bioisosteric design possibilities are provided by quantum chemical calculations. 
Mallamo et al. 26 made use of electrostatic potential surface maps complementarity in denning 
sulfonyl heterocycles bioisosteric to the steroidal antiandrogenic drug zanoterone (Fig. 13.9). 
Striking differences in the electrostatic potential surfaces accounted for the observed variability 
in the furan (active) and the thiophene (inactive) analogues of zanoterone (which contains a 
pyrazole ring). Good androgen receptor affinity was then anticipated — and effectively found — 
for the oxazole and the thiazole analogues of zanoterone. 

The apparent failure of the isosterism concept for the inactive thiophene, inverted furan and 
pyrimidine is thus interpretable on a rational basis. 
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inactive 

Fig. 13.9 Zanoterone isosteres* 



E. Groups with similar polar effects 

1. Surrogates of the carboxylic acid function 

The carboxylic function of active compounds has been changed to direct <^^^J 
hydroxamic acids (R-CO-NH-OH). acylcya nam ides (R— CO — NH 
a^lsulfonamides (R-CO-NH-SO-R'; to planar aodic ^°^^lt^ 
h^droxyisoxazoles, etc. or even to nonplanar sulfur- or phosphorus-denved ac.d.c functrons 

^D^trivaHvrs comprise hydroxamic acids"-, acylcyanamides^ and ^ ,fon ^ 
in an acidic NH group replaces the acidic OH group. These b— « £ £ vj 

academic interest. Exception are the anti-inflammatory hydroxamates 
ibuproxam- and oxamecacin- (Fig. 13.10). While ibuproxajn „ J-J"^*^ 
(CONHOH - COOH) in man « oxametacin is metabohcally stable m man and is a true 

bioisostere rather than a prodrug. 45 - 46 „~o, n l~ an d 

Among the planar acidic heteroses the main representees are te razors and 
3-hydroxyisoxazoles. The medicinal chemistry of retraces has been reviewed- and cent 
examples are found in various domains.^"* 48 Tetrazole surrogates have the broadest held at 

can increase potency - impr ove bioavailabil^ or 
(the GABA tetrazole analogue inhibits GABA-transaminase, but not succinic semialdehyde 
dehvdroeenase * However, in some instances tetrazole analogues are poorly active. 

HydrLisoxazoles and other cognate heterocyclic phenols encompassmg an aad,ry range 
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Tabic 13.8 Carboxylic acid isosteres. 



-< 



N-OH 
I 

H 



Hydroxamic acids High chelating power 



Almquist et al? 1 



N-CSN 
H 

ft H 

I 

H 

I 

H 



(X-OorS> 0 _ H 
NT N 



Acyl-cyanamides Mainly academic interest 



O-H 
O 




o 



O-H 



H 



.x ¥ jX = OH 
™° X = NH2 



O. 



H IX « CH(OR>2 



O 

-S=° 
O-H 



N — H 



O O v O 



H 



Tetrazoles 



Mercaptoazoles 

+ sulfinyla2oles 
+ sulfonylazoles 

Isoxaioles 



Isothiazoles 
Hydroxythiadiazole 



Hydroxy chromes 



Phosphinates 
Phosphonates 
Phosphonamides 



Sulphonates 



Sulphonamides 



Acylsulphonamides 



Very popular 
Great number of 
publications. Recent in use, 
pA;=6.6to7.2 

Phosphonate isosreres 
pK^ mercapto: 8.2-11.5 
pJ^ sulfinyl: 5.2-9.8 
pK> sulfonyl: 4.8-8.7 

GABA and glutamic acid 
analogues 

Isoxazole isosterc 

Kojic acid derivatives: 
as GABA agonists 

Many examples in the 
glutamate antagonist 
series and in the GABA B 
antagonists 

Sulphonic analogues of 
GABA and 
glutamic acid 

Weak acids, used rather 
as equivalents of phenolic 
hydroxyls: catecholamine 
analogues 

Glycine GABA 
(3-alanine 

antiatherosclerotics 



von Kohler et ai. 2 * 
Shirota etaL 

Bovy etaL 29 



Marshall et al. 33 
Chen etaL 12 



Krogsgaard-Larsen 
etaL* 

Krogsgaard-Larsen 31 
Lunn etaL n 



Atkinson et aL s * 



Froestl etal* 



Rosowsky etaL (1984) 



von Kohler etaL 29 



Drummond and 
Johnson 35 



Albright ctal?* 
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Fig. 13.10 Hydroxamate isostcrcs of anti-inflammatory drugs. 



from 3.0 to 7.1 were incorporated in GABA agonists, antagonists and uptake inhibitors. 52 - 53 The 
experience gained with 3-hydroxyisoxazoles in the GABA field was also transferable to glutamate 
receptor ligands and led to selective antagonists for glutamic acid receptor subtypes. 54 

Other interesting but less studied heterocyclic surrogates are 3,5-dioxo-l,2,4- 
oxadiazolidine, 55 3-hydroxy-l ,2,5-thiadiazoles 32 and 3-hydroxy-7-pyrones. 35 - 56 

Non planar sulfur- or phosphorous-derived acidic functions: The most extensive use of 
phosphonates was made in the design of amino acid neurotransmitter antagonists such as 
glutamate 57 and GABA B antagonists. 34 

In a series of CCK antagonists derived from the nonpeptide CCK-B selective antagonist CI- 
988, Drysdale et aL>* prepared a series of carboxylate surrogates spanning a pFQ range of <1 
(sulfonic acid) to >9.5 (thio-l,2,4-triazole). The affinity and the selectivity of the compounds 
were rationalized by consideration of the pK* values, charge distribution, and geometry of the 
respective acid mimics (Table 13.9). 

Diaminocyclobutenedione, was proposed by Kinney et aL 59 as an original surrogate of the a- 
amino carboxylic acid function (Fig. 13.11). 




H 2 N 



Fig. 13.11 3,4'Diamino-3-cyclobutcne-l,2-dionc as surrogate of the ct-amino carboxylic acid function. 59 

2. Surrogates of the ester function 

The change from ester to amide (procaine-+procainamide) was already illustrated above as an 
example of classical isosterism. Similarly, the lactone ring of the muscarinic agonist pilocarpine 
was changed into various, still active, isosteres such as the corresponding thiolactone, lactam, 
lactol, and thiolactol. 60 A series of aspirin isosteres has been prepared by replacing the carboxylic 
ether oxygen successively by a nitrogen, sulfur or carbon isosteric equivalent. 61 None of the 
isosteric compounds showed any activity. This result is readily understood since the particular 
role of aspirin as an acylating agent of the enzyme cyclooxygenase has been demonstrated. 62 
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IC, 0 (nM) IC 50 (nM) A/B pK, 

CCK-B CCK-A ratio 




/ 

H 



°H 

Point-charge monoanionlc acid mimics 




Tetrabedral acid mimics 



P(0)(OH) 2 27 

CH 2 -P(0)(OH) 2 23 

P(0){OH)(OEr) 12 

P(0)(OH)Me 12 

CH 2 -P(0)(OH)Mc 23 
CHj-SO^a ].3 



1300 200 5.2 

600 33 >8.2 

1300 93 >9.5 

300 4.3 >9.5 

680 9 7.9 

790 7 >9.5 

510 6.4 >9.5 

1500 71 >9.5 

5200 190 3.4; 7.7 

2700 120 3.4; 7.8 

480 40 6.5 

1700 140 3.8 

4400 190 3.7 

1010 780 
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In addition to these classical changes, much use was made of 1,2,4-oxadiazoles or 1,2,4,- 
thiadiazoles as carboxylic ester surrogates in series of benzodiazepine and muscarinic 63 ' 64 receptor 
ligands (Fig. 13.12). For muscarinic agonists, numerous successful attempts to replace the 
oxadiazole ring by other heterocyclic ring systems have been published. 65 -* 7 By substituting in 
pilocarpine the lactonic ester function by its carbamate equivalent, a much more stable analogue 
was obtained (See Chapter 38). 




2 3 4 5 




6 7 8 9 



Fig. 13.12 1 ,2,4-Oxadia2olcs and related five-mem bered heierocycles as esier surrogates. 

The change in ( — )-cocaine of the carbomethoxy substituenr into carbethoxyisoxazole 
doubles the potency in pHjmazindol binding and [ 3 H]dopamine uptake. Astonishingly, the 
replacement of the carbomethoxy group by a chlorovinyl moiety produces a comparable gain in 
potency, thus arguing against the involvement of the carbomethoxy group in H-bonding 68 
(Fig. 13.13). 




Fig. 13.13 Replacement in (-)-cocaine of the carbomethoxy group by a carbethoxyisoxazole and a chlorovinyl 
moiety. 

— — — m 
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• 1,2,4,- Another rather unusual example of ester isosterism is the replacement of the ether oxygen by 

receptor a fluoronitrogen (Fig. 13.14a) as mentioned by Lipinski. 69 Other uncommon examples are 

lace the found in the replacement of the ester function of acetylcholine by exo-endo amidinic functions 

iting in of 3-aminopyridazines in muscarinic agonists (Fig, i 3. 14b) 70 and of the carbomethoxy group of 

nalogue a-yohimbine (rauwolscine) by an N-methylsulphonamide function (Fig, 13.14c). 71 



(a) 

v XO 

I 

F 

Fig. 13.14 (a) Replacement of esrer ether oxygen by a fluoronitrogen. (b) Exo-endo amidinc in place of a carboxylic 
ester functionality, (c) MMcthylsulphonamide analogue of a-yohimbine (rauwolscine). 

3. Amides and peptides 

>xazole 

ly, the Carboxamides are usually convened to sulphonamides as illustrated by the synthesis of the 

jain in hypoglycemic sulphonyl isostere of glybenclamide. 72 The isosteric replacements for peptidic 

ding 63 bonds have been summarized by Spa tola 73 and by Fauchere. 74 The most used and well- 

established modifications are TV-methylation; configuration change (D-configuration at Ca); 
formation of a retroamide or an o>azapeptide; use of aminoisobutyric or dehydroamino acids; 
replacement of the amidic bond by an ester (depsipeptide), ketomethylene, hydroxyethylene or 
thioamide functional group; carba replacement of the amidic carbonyl, and use of an olefinic 
double bond (Fig. 13.15). 

More unusual isosteric replacements for the peptidic bond were recently proposed. Among 
these, hydroxyethylureas served in the design of a novel class of potent HIV-1 protease 
inhibitors, diacylcyclopropanes in the design of novel renin inhibitors, and pyrroline-3-ones for 
various proteolytic enzyme inhibitors. 7576 Vinyl fluorides can probably be considered as 
representing the closest possible bioisosteres of the peptide bond. The synthetic methods 
available allow, by an appropriate selection of the precursors, the preparation of analogues of 
dipeptidic combinations of amino acids bearing no other functionalities in their side-chains, 
e.g. Gly, Ala, Val, Phe, Pro. 77 Vinyl fluorides have been used in the design of bioisosteres 
roviny! of Substance P 76 and of the analgesic dipeptide 2,6,-dimethyl-L-r/rosyl-D-alanine- 

phenylpropionamide. 73 
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carba replacement of 
the amidic carbonyl 



est8r [dopsipeptide) dehydroamino add 



v «yVy x 




a-azapeptide 



aminoisobutyric acid 



Fig. 13.15 Weil-escablishcd isosreric replacements for peptidic bonds."- 74 




4. Urea and thiourea equivalents 



In the histaminic H 2 receptor antagonist series, the classical urea-thiourea-guanidine 
progression was successfully completed by the use of the /V-nitro- and JV-cyanoguanidines and, 
later, by l,l-diamino-2-nitroethylene groups 24 (Fig. 13.17). Cyano amidines and carbamoyl 
amidines were also used, 79 and structured-activity relationship patterns were rationalized in terms 
of dipole moment orientation of related bioisosteric groups.* 0 
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Fig. 13.17 Urea and thiourea equivalents. 



Among more exotic surrogates, the 3,4-diamino thiadiazole dioxide moiety was proposed as a 
weakly acidic urea equivalent 81 as well as exo-endo amidinic heterocyles bearing an electron- 
attracting function in the a position 82 - 83 (Fig. 13.17). 

F. Reversal of functional groups 

The reversal of the peptidic functional groups is often used in peptide chemistry. The 
retropeptides obtained are generally more resistant to enzymatic attacks (Fig. 13.1 5). 74,84 But the 
strategy of functional inversion can also be applied to nonpeptidic compounds. A historical 
example is the change from orthoform to neo-orthoform (orthocaine: Fig. 13.18). The 
unwanted side-effects, often encountered with aromatic p~ amino substituted compounds [*para 
effects', essentially of allergic origin) are abolished in the w-amino isomer, whereas the local 
anaesthetic activity is maintained. Similarly the 'metd isomer of benoxinate has a local 
anesthetic activity identical to that of benoxinate itself. 85 




NH 2 OH NH 2 0-nC 4 H 9 



orthoform "old" orthoform "new " benoxinate benoxinate Isomer 

Fig. 13.18 Positional isomery in local anaesthetics-* 5 

The inversion of the ester function of meperidine leads to ]-methyl-4-phenyl-4-propionoxy 
piperidine (Fig. 13.19) which is five times more potent as an analgesic drug than meperidine 
and represents the model compound of the series of inverted esters. 10 

The change from indomethacin to clometacin, although representing a clean example of 
functional group reversal, causes more profound alterations than that shown in the previous 
examples. At a first glance, this change can even seem too drastic, however, in turning the 
molecule of clometacin by 1 80°, the resemblance with the parent molecule becomes evident. 
Indomethacin is mainly used as a nonsteroidal anti-inflammatory agent and occasionally as an 
analgesic; clometacin, on the other hand, is usually recommended as an analgesic and shows 
weak anti-inflammatory properties. 
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CH 3 CH 3 
meperidine "inverted ester" 



Fig. 13.19 Meperidine and the corresponding inverted ester. 10 




indomethadn clometacin 



Fig. 13.20 Functional inversion applied ro indomethacin. 



III. ANALYSIS OF MODIFICATIONS RESULTING FROM ISOSTERISM 

It is rare that the replacement of a part of a molecule by an isosteric or bioisosteric group leads 
to a strictly identical active principle. In practice, that is not even sought, and one prefers that 
the new compound produces a change compared with the parent molecule. In general the 
isosteric replacement, even though it represents a subtle structural change, results in a modified 
profile: some properties of the parent molecule will remain unaltered, others will be changed. 
Bioisosterism will be productive if it increases the potency, the selectivity and the bioavailability, 
or decreases the toxicity and undesirable effects of the compound. In proceeding to isosteric 
modifications one will focus predominantly on a given parameter (structural, electronic, 
hydrophilic) but it is all but impossible not to alter several parameters simultaneously. 

A. Structural parameters 

These will be important when the portion of the molecule involved in the isosteric change serves 
to maintain other functions in a particular geometry. This is the case for tricyclic psychotropic 
drugs (Fig. 13.21). In the two antidepressants (imipramine and maprotiline), the bioisosterism 
is geometrical insofar as the dihedral angle a formed by the two benzo rings is comparable: 
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a=65° for the dibenzazepine and a=55° for the dibenzocycloheptadiene. 96 This angle is only 25° 
for the neuroleptic phenothiazines and the thioxanthenes. In these examples the pan of the 
molecule modified by isosterism is not involved in the interaction with the receptor. It serves 
only to position correctly the other elements of the molecule. 




Fig. 13»21 The tricyclic antidepressants (imipraminc and maprorilinc) arc characterized by an dihedral angle of 
55-65° between the two benzo rings; this angle is only 25° for the tricyclic neuroleptics (chlorpromazine, 
chiorprothixene). 86 



B. Electronic parameters 

Electronic parameters govern the nature and the quality of ligand-receptor or ligand-enzyme 
interactions. The relevant parameters will be inductive or mesomeric effects, polarizabiiity, pA^, 
capacity to form hydrogen bonds, etc. Despite their very different substituents in the meta 
position, the two epinephrine analogues (Fig. 13.22) exert comparable biological effects: they 
are both (3-adrenergic agonists. In fact the key parameter resides in the very close pK^ values. 87 




p/C.= 9.6 pK.=9.1 



Pig. 13.22 An example of bioisosterisrn, or nonclassical isosterism; the methyls ulphonamidc substituent has 
comparable acidity to the phenolic hydroxyl group. 76 
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C. Solubiiity parameters 

When the functional group involved in the isosteric change plays a role in the absorption, the 
distribution or the excretion of the active molecule, the hydrophilic-Hpophilic parameters 
become important. Imagine in an active molecule the replacement of - CF 3 by — CN (Fig. 
13.23)- The electron-attracting effects of the two groups will be comparable, but the molecule 
with the cyano function will clearly be more hydrophilic. This loss in lipophilicity can then be 
corrected in attaching elsewhere on the molecule a propyl, isopropyl or cyclopropyl group. 



a para = 0.54 
n =0.8B 



M*CF 3 



\ 



(m> 



CN 



o para = 0.66 
it = -0.57 



(m)-cn 

R 



c para = 0.66 
n = -0.57 

+ approx 1.5 



it total = 0,93 



(R = propyl, isopropyl, cyclopropyl) 

Fig. 13.23 The loss in lipophilicity resulting from the bioisosteric exchange of a CF 3 for a CN has to be 
compensated by the equivalent of a three-carbon residue. 



!V. ANOMALIES IN ISOSTERISM 



In this section, two applications of the bioisosterism concept that show unusual behaviours of 
commonly encountered atoms or groups are discussed. 



A. Fluorine-hydrogen isosterism 

There is an anomaly in the fact that fluorine does not resemble other halogens, notably chlorine, 
and that, on the other hand, it often mimics an atom of hydrogen. 88 

(a) Steric aspects. The fluorine atom is considerably smaller than the rest of the halogen 
atoms. Seen from the steric point of view, it resembles hydrogen more than chlorine (Table 
13.10). Effectively fluoro derivatives differ from the other halogenated derivatives because with 
carbon fluorine forms particularly stable bonds and, in contrast to other halogens, is only rarely 
ionized or displaced. Because it is both chemically inert and of small size, organic fluorine is 
often compared to hydrogen. 

This relates in particular to the incorporation by living organisms of fluoroacetic acid in 
place of acetic 89 acid or of 5-fiuoronicotinic acid and 5-fluorouracil as antimetabolites (see 
Chapter 17, the section on halogens). This fraudulent 1 incorporation leads to lethal 
syntheses. 50 This is generally not the case with the corresponding chlorinated, brominated or 
iodinated analogues. 
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Table 13,10 Fluorine-hydrogen isosterism. Observe, the comparable sizes of the two atoms, whereas 
chlorine is close to the methyl and trifluoromethyl. 



Parameter 


H 


F 


CI 


CH 3 


CF 3 


Atomic radius 


0.29 


0.64 


0.99 






Van der Waals radius 


1.2 


1.35 


1.80 


=2 




Molecular refractivity 


1.03 


0.92 


6.03 


5.65 


5.02 


Electronic effect {para a) a 


0.00 


0.06 


0.23 


-0.17 


0.54 


Resonance effect (9l) a 


0.00 


-0.34 


-0.15 


-0.13 


0.19 


Electronic effect (<r*) b 




3.08 


2.68 


0.00 


2.85 



'For aromatic systems, b for aliphatic systems 



(b) Electronic aspects. Fluorine is the most electronegative of the halogens (Table 13.10) 
and forms particularly stable bonds with carbon atoms. This chemical inertia explains why 
fluoro derivatives are more resistant to metabolic degradation (Fig. 13.24). Thus for the (3- 
haloalkylamines (nitrogen mustards), rhe alkylating activity is lost when chlorine or bromine are 
replaced by fluorine or by hydrogen. 91 




Fig. 13.24 In Runarizinc and in flufenisal, fluorine atoms in proposition prevent metabolic hydroxylation. 

H < ► F isosterism will therefore often serve to give analogues that are more resistant to 
metabolic degradation (obstructive halogenation: flunarizine and in flufenisal, Fig. 33.24). 
Similarly the CF 3 group is biostable, whereas CH 3 is easily oxidized. 89 

(c) Absence of d orbitals. Another difference between fluorine and the other halogens 
comes from the absence of a d orbital for fluorine, and thus its incapacity to participate in 
resonance effects with a donor of electrons p (Fig. 13.25). This explains why />-fluorophenol is 
slightly less acidic than phenol, while for other />-halogenated phenols the acidity changes in 
parallel with the atomic number (Table 33-1 1). 88 




Fig. 13.25 The resonance berwen the OH lone pair and the X group is not possible if X = F. 
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Tabic 13.11 Dissociation constants of para- 
halogenated phenols. 88 



Compound 


Dissociation constant 




K x io-"» 


Phenol 


i 

0.32 


/>-Fluorophenol 


0.26 


^-Chiorophenoi 


1.32 j 


/>-Broinophenol 


1.55 1 


/>-Iodophenol 


2.19 



(d) Case Study. A good example of continous variation of activity in halogenated 
compounds is provided by a series of antihistaminic drugs related to tripelennamine (Fig. 13.26, 
X « H). Apparently we are deaJing here with a classical isosteric series: F> Cl, Br, I, but sensitive 
to steric hindrance in the para position. Probably what happens in vivo is /►-hydroxylation of the 
benzene ring. The best candidate becomes then the />-fluoro compound, since it is not bulkier 
than the unsubstituted compound while being biostable. 




Fig. 13.26 Variation of activity in a series of antihistaminic compounds as a function of the halogated para- 
substituem.* 1 



B. Exchange of ether oxygen and methylene group 

Ether oxygen atoms and methylene groups possess similar tetrahedral structure and should 
normally be isosteric. In fact the O <-> CH 2 isosterism very often yields anomalous results and 
brought Friedman 2 to the interesting observation 'that the omission of the ether oxygen changes 
biological activity much less in some cases than the replacement by the isosteric methylene 
group' (Fig, 13.27). In the meperidine series, for example, the change from the M 
phenoxypropyl derivative to the isosteric phenoxybutyl decreases the analgesic potency by a 
factor of 10, whereas the omission of the ether oxygen yields a slightly more potent 
compound. 10 A list of seven other examples is given by Schatz in the second edition of Burger s 
Medicinal Qiemistry? 1 
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^ X * CH 2 - CH2 - CH 2 -Y No (or weak) resemblance 


y r»u f\ fii v 
a - OM2 - U - *T 








" * * X - CH 2 — CH 2 -Y Often more resembling 






Analgesic Potency 
(meperidine = 1) 




^ Ns R — (CH 2 ) 3 — O-CgHs 


15. 




— (CHjJa — CH2* C^Hs 


1.5 




— (CH 2 )3 CqH$ 


20 



Fig. 13.27 Friedman's ether oxygcn-rnethy!ene group paradox. 2 



The explanation for this anomalous behaviour may be that the omission of the ether oxygen 
yields a closer compound in terms of lipophilicity than its replacement by a methylene. An 
example that can be compared to Friedman's paradox is found in the resemblance of the 
phenylethyl type £-b!ockers (e.g. dichloroisoprenaline, sotalol) to the phenoxypropanol type 
(e.g. practolol, acebutolol). 

V. MINOR METALLOIDS — TOXIC ISOSTERES 

In this section we describe some 'exotic applications of the bioisostery concept involving the 
utilization of unusual elements such as silicon, boron and selenium. 

A. Carbon-silicon bioisosterism 

Silicon is directly below carbon in the periodic table and the incorporation of silicon in place of 
carbon in biologically active substances has been a temptation for many organic chemists. 
However, the extent of this isosterism remains limited. For reviews on the subject, see 
Fessenden and Fessenden, 94 Tacke and Zilch 95 96 and Ricci et alP 

Silicon is more electropositive than carbon (and even more so if compared to oxygen and 
nitrogen) and the covalent silicon-carbon bonds in the sp 5 hybridization state are 20% longer 
than the corresponding carbon-carbon bond. Compared to their carbon bioisosteres, silicon- 
containing molecules are more sensitive to hydrolysis and to nucleophilic attack in general. 
Given the chemical reactivity of silicon, carbon-silicon isosterism is generally practised only if 
the silicon is present in the centre of a quaternary structure, as is the case for substances 
collected in Fig. 13.28. Among these, ^trimethylsilylphenyl Mmethylcarbamate and 
w-trimethylsilyl-a-trifluoroacetophenone (zifrosiione) are acetylcholinesterase inhibitors, 98 * 100 
sila-meprobamate is a CNS depressant, 1 01 sila-pridinol is an anticholinergic, 102 flusilazole is a 
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fungicide for agricultural use, 105 and (+J-RP 71,602 is a potent and selective 5-HT 2A 
antagonist. 104 




Fig. 13.28 Organosiiicon active substances. 



But even when located in the centre of a quaternary structure, the silicon atom can easily be 
attacked. Thus, 1-chloro-l -sila-bicyclo(2,2 ) l)heptane can still be hydrolysed by an attack on the 
vacant d orbital; 105 this attack is Literal and therefore possible even in the cases where the 
corresponding carbon derivative would have been inert towards S N 2 reaction (Fig. 13.29). This 
sensitivity towards lateral attacks explains the four times shorter duration of action of sila- 
meprobamate compared to its carbon isostere on a model of tranquillizing activity in mice 
(rotarod test, potentiation of hexobarbital-induced sleep; intraperitoneal injection). 101 On the 
other hand, when given orally, sila-meprobamate is practically inactive. One of the first 
metabolites formed has been characterized as being a disiloxane 106 (Fig. 13.28). For the two 
phenyltrimethylsilyl-derived AChE inhibitors, the rather positively charged trimethylsilyl group 
mimics the trimerhylammonium function present in acetylcholine. For these compounds, 
metabolic oxidation does not take place on the silicon but on one of methyl groups 
(Si - CH 3 ^Si - CH 2 - OH) » 
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B. Carbon-boron isosterism 

Organoboron derivatives, even more than organosilicon compounds, axe sensicive to hydrolytic 
degradation that always leads to the final formation of boric acid. But boric acid has teratogenic 
properties in chickens. It produces the same malformations as those produced by a riboflavin 
(vitamin B 2 ) deficiency and the administration of riboflavin prevents these toxic effects. 107,108 
The mechanism by which boric acid produces a deficiency in riboflavin is not known. In man 
the chronic utilization of boron derivatives results in cases of borism (dry skin, cutaneous 
eruptions, gastric troubles). 109 

Few medicines based on boron are known; in general boric acid or a boronic acid serve to 
esterify an ot-diol or an 0-diphenoL This is the case for the emetic antimony borotartrates of the 
ancient pharmacopoeias; for the injectable catecholamine solutions; for totboxane, 110 which is 
close to meprobamate and was commercially available as a tranquillizer some decades ago; and 
also for the phenylboronic esters of chloramphenicol. 111 Boromycin was the first natural product 
containing boron. It is a complex between boric acid and a polyhydroxylated tetradentate 
macrocycle. 112 Some boronic analogues of amino acids were prepared as chymotrypsin and 
elastase inhibitors. 113 The most important medical use of derivatives of boron derivatives is the 
treatment of some tumours by neutron capture therapy, 114 " 116 the problem here being to ensure 
a sufficient concentration of the product in the tumour being treated. 




HO 

metabolite M1 
(Plasma, Bile, Urine) 



ebselen 



,0 
HO 



NH 

CH 3 



HO 



metabolite M2 
(Plasma, Bile, Urine) 





C0 2 H 
OH 



metabolite m7 
(Plasma) 



metabolite M3 
(Urine) 



Fig. 13.30 Ebselen and its main metabolites. 1 
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C. Bioisosterism involving selenium 

Selenium and its derivatives are highly toxic and with the exception of 75 Se derivatives chat serve 
diagnostic purposes (e.g. 75 Se-selenomethionine, used as a radioactive imaging agent in 
pancreatic scanning), there is no chemically defined seleno-organic drug on the market. 
Klayrnan reviewed a large number of selenium derivatives as chemotherapeutic agents in 
1973. i17 Selenium bioisosteres of sulphur compounds are mainly used as research tools (e.g. 
bis{2-chloroethyl) selenide as selenium bioisostere of the classical sulphur mustards 118 ). 
Selenocysteine is present in the catalytic site of mammalian glutathione peroxidase and this 
explains the importance of selenium as an essential trace element. 

The only selenium-containing drug candidate is ebselen (Fig. 13.30)> which owes its 
antioxidant and anti-inflammatory properties to its interference with the selenoenzyme 
glutathione peroxidase. 120 Because of its strongly bound selenium moiety, only metabolites of 
low toxicity are formed. 119 
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